The hydrodynamic results obtained from the permeability of porous materials not only affect the assessment of the stream of the gas flow through those materials but they also refer to the loss of pressure energy in that flow. The direct measure of that loss is flow resistances.
List of major signs

Introduction
Under natural conditions, the flow of fluids in porous structures is connected with the movement of gases and liquids in geological deposits (Dyrka, 2013) . These deposits, as primary reservoirs, are areas of migration (Caillet et al., 1997; Carter et al., 2011; Dasgupta et al., 2016; Dixit et al., 2017; Fan et al., 2016; Hill and Nelson, 2000; Lampe et al., 2012; Lee and Williams, 2000; Liu et al., 2016; Osborne and Swarbrick, 1997; Tingay et al., 2009 . Wu et al., 2016 Xu et al., 2017; Zeng, 2010) of such substances as crude oil or natural gas, but also of the movement of other liquids and gases, such as water brine or methane in rock masses of hard coal. In each of these cases, the recognition of gas flow conditions through porous deposits can contribute significantly to a better understanding of the mechanisms of gas flow and migration in a given rock bed, which may also be associated with more efficient extraction of gas from natural geological deposits. This is all the more important as the growing industrialization causes the economy to become increasingly interested in additional resources of energy resources.
The hydrodynamic results obtained from the permeability of porous materials not only affect the assessment of the stream of the gas flow through those materials but they also refer to the loss of pressure energy in that flow. The direct measure of that loss is flow resistances that may be interpreted differently in the detailed quantitative assessment. By analysing research studies (Amao, 2007; Bębenek and Bębenek, 1987; Błaszczyk, 2014; Ergun, 1952; Kembłowski et al., 1985; Orzechowski et al., 2009; Piecuch, 2009; Strzelecki et al., 2008) on modelling resistances of the flow through porous deposits it may be noticed that their authors consider the movement criterion -Reynolds number (Amao, 2007; Peszyńska et al., 2010) and interpret hydrodynamic conditions of that flow in a different manner. On the other hand, modifications to the Darcy-Weisbach (Piecuch, 2009; Strzelecki et al., 2008) equation (1) that enables calculating the flow resistances most frequently refer to granular structures or porous deposits in the form of the permanent infill of column apparatuses.
∆ =
(1)
In which the coefficient of resistance (2):
Where the Raynolds number (3) equals to:
On the other hand, there is no specific reference of this problem to porous materials with permanent frame structure. Assuming that the coefficient of resistances defined by the equation (4) may be representative for all those cases -as an equivalent measure of flow hydrodynamics.
= Δ
The article some of those modifications were compared to the obtained measurement results.
This comparison was based on the definitions of the coefficient of resistances set forth Table   1 .
Table 1
Correlation equations for calculation of a coefficient of resistances of the flow through granular porous structures.
Autor
Model equation Criteria number Ergun (Ergun, 1952) 75
Brauer (Brauer, 1971) 
Burke-Plummer (Guimard et al., 2004) 
The values of the coefficient of resistances correspond to the resistance coefficients correlated according to the models detailed in this table at a constant quotient value of linear reference dimensions (17):
This is caused by the great complexity of hydrodynamic phenomena for the gas flow through frame-structured porous materials and by a limited number of computational models and methods characteristic for the hydrodynamics of liquid flow in the closed structures.
One of those possibilities is to include in the hydrodynamics description the conditions resulting from the energy dissipation that occurs during the movement of gas in porous and capillar spaces of porous materials. From an experimental view point, this phenomena may be associated with a certain alternative (equivalent) coefficient of resistance that includes conditions resulting from the coefficient of friction between liquid and walls of flow channels and from the pressure reduction caused by the disturbance to the velocity profile characteristic for stream choking. In such presented issue, the total resistance of gas flow through the porous deposit may be identified with the general dependency (18), considering the relevant adjustment of flow parameters of the porous structure:
This approach is justified by the fact that in the structure of flow micro-channels a share of friction in the flow resistance is marginal.
When directly using the Weisbach (Strzelecki et al., 2008) equation (18) it needs to be directly adapted to the porous structure, for which this equation may be as follows (19):
In this case, the flow velocity wε ( For such interpreted conditions the equation (19) may be used to experimentally determine a value of the coefficient of flow resistance as its value ξε, (21) that cumulatively consider all the mechanisms resulting from the hydrodynamics of the gas flow through porous materials:
Materials and method
The permeability research was conducted upon materials, the average porosity of which ranged 40.3%. Chars in situ are direct products of underground coal gasification and they were acquired from the experimental georeactor (semi-technical scale) of the "Barbara" Experimental Mine Stańczyk et al., 2012) . In this case, the process conditions enhanced the almost complete gasification of coal but the structure of this product is also extremely diversified, which -apart from process conditions -depends on the place where the sample is acquired from.
The parameters determined for the tested materials -samples are outlined in Table 2 together with sample numbers and average values of those parameters.
Table 2
Characteristic of research material.
The porous material also underwent physical assessment of their structure. This assessment was conducted on the basis of available SEM images (Wałowski, 2015) . These observations confirm that the graphical identification of the structure of porous materials is a source of much more information that is suitable to assess the permeability of these materials when compared to their porosity degree.
Experimental stand
Test applied to gas permeability measurement system as shown in Fig. 1 , adjusted to the different shapes of the porous material samples. This enabled the assessment of the permeability intensity and the direction of the gas stream with respect to the sample surface.
The working media applied in the gas permeability tests were air. In each case, gas flowed through sample (1) in the free-pressure regime, the reference pressure in the pressure reducing valve (4) was (0.1÷0.4) MPa and gas freely flowed out. Air was taken from the compressed air system at the reference temperature of 21.7 0 C. The decline in pressure in the specific measurement system was measured with differential pressure manometers (2) installed in the stream measurement system at the gas inlet to the material sample. The gas stream was measured with flota-controlled rotameters (3) scaled with the bellows gas meter before conducting the tests. By using valves (5) to adjust the gas stream, permeability characteristics of the tested samples were determined for system. All the results of the gas stream measurements were referred to as normal conditions (293 K, 1013 hPa).
The shape of this type of sample together with a visible supply connection pipe (nozzle) is illustrated in Fig. 2 -the images refer to the volume sample of char in situ (indefinite shape). 3 shows the applied sample supply system for the free gas flow (with the marking of the agreed parameters) and illustrates the gas conduct in these conditions. To obtain the research objective, detailed experimental tests were conducted to assess the gas permeability of porous materials structure and the tests results are presented in Table 3 . 
Scope and research methodology
To assess the hydrodynamics of gas flow through porous materials, tests were carried out with respect to volume samples with undefined shapes - Fig The test were conducted with reference to gas -air, with regard to the permeability stream resulting from the reference pressure. Moreover, the permeability function of the pressure decline in the porous deposit was independently determined, assuming the so-called multioriented fractal, system for gas flow through samples Fig. 5 . Fig. 5 . Scheme of flow system: multi-oriented -fractal, volume sample, where: Qg -stream gas.
Results and discussion
The results for the determined flow resistance coefficient (21) Those results show a decrease in changes to the value of the resistance coefficient as a result of an increase in the Reynolds number, which complies with the physics of the analysed phenomena but the scale of those changes is sometimes extensive. This proves that the flow resistances are highly affected by the dynamics of gas flow through porous materials, in particular by disturbances of the velocity profile. This tendency and the measuring range simultaneously indicate that for coal char in situ - Fig. 6 -a turbulent nature of the gas movement is noted, which is proven by the non-linear nature of this coefficient. It may be noted that coal char in situ has the minimum flow resistance - Fig. 6 . Undoubtedly, this results from the fact that this material -despite its small porosity -has a very extensive system of pores and open channels for the gas flow.
The change to the value of the coefficient of resistances with respect to the Reynolds number proves - Fig. 6 , that when modelling hydrodynamic conditions of the gas flow through solid porous materials it is necessary to consider the relation (23):
This also refers to the Reynolds number which, in this case, may take a different form - Table   1 . In the reference books, there is still a debate (Peszyńska and Trykozko, 2013) on how to best describe this criteria number to identify the flow through frame-structured porous materials. As for those materials it is very difficult or even impossible to assess diameters of pores and capillars, and their actual flow speed, Bear and Cheng (Bear and Cheng, 2010) suggest that in this case the Reynolds number (24) should be defined with respect to the entire volume of the porous material referred to the flow section:
The characteristic linear measurement is calculated as an alternative diameter resulting from the volume of the porous material and the section active for the flow, viz. (25):
On the other hand, velocity is a result of the deposit porosity and is associated with an apparent velocity (calculated for the entire cross-section of the deposit (26):
The conducted analyses show that the method resulting from the equations (24-26) and determining the criteria Reynolds number does not reflect in the best way any hydrodynamic conditions subject to the gas low through frame-structured porous materials. This is due to the fact that the subject of the research was the samples with different shapes. Especially in case of the volume solid the determination of the cross-section for the flow direction is very difficult and imprecise. To meet those problems, an attempt was made to develop an alternative model based on the change to the kinetic energy characteristic for all resistances to the gas flow through the porous medium.
According to (21) this may be as follows (27):
Considering the diversified shape of the material and its characteristic structural features resulting from its porosity and permeability, the equation (26) may be modified by implementing a correction coefficient in the form of the so-called tortuosity parameter (28):
While the hydrodynamic parameters are known (stream, pressure drop on the bed, and bed porosity and gas type), the value of the gas-permeability coefficient (29) can be determined experimentally and is defined: * = ∆
Them the equation for the total coefficient of resistance is as follows (30):
With respect to such equation the compensatory calculation was conducted for samples in the form of a differently shaped solid (volume one). The arithmetical analysis shows that for the volume solid the tortuosity parameter needs to be calculated on the basis of the following dependency (31):
The auxiliary function for the exponent a = 1.5 (in situ charset) at the base of power is the coefficient of bed formation (32) related to the gas-permeability coefficient and porosity:
While the Reynolds number (33) takes into account the defined apparent velocity (34):
The apparent velocity (34) is referred to the entire space of the volume sample feeding as the cross-section resulting from the frontal and lateral area of the feeding nozzle Fig. 4 .
Cross-sectional area of nozzle feeding the porous material (35):
The obtained results of the function of the coefficient of resistances in the function of the Reynolds number are shown in Fig. 7 , which, just to illustrate, also include points resulting from other calculation models (Brauer, 1971; Ergun, 1952; Guimard et al., 2004; Kasieczka, 2011; Kembłowski et al., 1985; Windsperger, 1991; Zaworonkow, 1944) adjusted by the parameters resulting from the own research. The distribution of experimental points proves that expect for the Zaworonkow (Zaworonkow, 1944) model and the Blake-Kozeny (Guimard et al., 2004) model all the remaining ones show the same trend of changes to this coefficient, which confirms the adequacy of the adopted assumptions. 
Conclusions
The conducted experimental research results in the following conclusions:
1) The quantitative assessment of hydrodynamic parameters conducted with respect to booksbased models, particularly in the aspect of flow resistances, has shown that none of the booksbased models correctly correlate with the obtained research results. This is explained by great anisotropic properties of the tested materials and the restricted application of those models with respect to granular not frame-structured materials.
2) The own calculation model developed on the basis of the acquired results basically describing the coefficient of flow resistances shows a good consistence of the research results with the calculation results;
The research results on hydrodynamics of gas flow through frame-based porous deposits, and the proved usefulness of the process assessment of that research may, in many cases, be practically used.
